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CN \ ABSTRACT 

We calculate the broadband radio-X-ray spectra predicted by microblazar and mi- 
croquasar models for Ultra-Luminous X-ray sources (ULXs), exploring the possibility 
^ \ that their dominant power-law component is produced by a relativistic jet, even at 

near-Eddington mass accretion rates. We do this by first constructing a generalized 
disk-jet theoretical framework in which some fr'action of the total accretion power Pa 
is efficiently removed from the accretion disk by a magnetic torque responsible for 
' jet formation. Thus, for different black hole masses, mass accretion rates and mag- 

\^ \ netic coupling strength, we self-consistently calculate the relative importance of the 

. modified disk spectrum, as well as the overall jet emission due to synchrotron and 

Compton processes. In general, transferring accretion power to a jet makes the disk 
fainter and cooler than a standard disk at the same mass accretion rate; this may 
explain why the soft spectral component appears less prominent than the dominant 
O ' power-law component in most bright ULXs. We show that the apparent X-ray lu- 

minosity and spectrum predicted by the microquasar model are consistent with the 
^2 ' observed properties of most ULXs. We predict that the radio synchrotron jet emission 



o 



jet 



is too faint to be detected at the typical threshold of radio surveys to date. This is 
consistent with the high rate of non-detections over detections in radio counterpart 
searches. Conversely, we conclude that the observed radio emission found associated 
with a few ULXs cannot be due to beamed synchrotron emission from a relativistic 
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1 INTRODUCTION 

Ultra-Luminous X-ray sources (ULXs) are among the 
most intriguing sources to have been discovered by X-ray 
satellites. They are defined as point-like X-ray sources 
which, if located within the galaxy they are associated with 
on the sky, are ofT-nuclear and have X-ray luminosities 
^n.5-8kev^ 2 X lO^^ergs" ^ in the 0.5 — 8.0 keV bandpass 
ilrwin. Bregman fc Athe'vll2004') . This exceeds the theoreti- 
cal Eddington limit for a neutron star or stellar-mass black 
hole, LEdd = 4:TTGMi,i^iJ,mc/aT , where M^h is the black hole 
mass and fj, is the mean molecular weight. It also exceeds 
the peak in observed X-ray luminosities of known Galactic 
X-ray binaries (XRBs). Spectroscopic studies have revealed 
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that some ULXs can be identified with supernova remnants 
or ba ckground AGN (see e.g. Gutierrez & LoDcz-Corrcdoi^ 
I2OO5I and references therein). Of the remaining uniden- 
tified sour ces, however, rapid X-ray variabilit y (e.e . 

[ Strohmave r & Mushotz^ 120041: ISoria fc MoTchl l2004l: 
Krauss et al. 2005) and spectral state transitions 
(Kub ota ct al. 2001; Kubota. Done fc Makishima 20Q1 : 
^ La Parola eii al.n200ltlMizuno. Kubota fc MakishimalboOll : 
IStrickland et alJl2001^ strongly suggest that we are dealing 
with a population of close interacting binary systems 
involving accretion onto a black hole. 

Perhaps the most contentious issue surrounding ULXs 
is the mass of the black hole, A/bh, which determines L^dd- 
There are at least three possible explanations for why 
many ULXs are apparently ~ 20 — 30 times more lumi- 
nous than typical Galactic black hole XRBs: 1. The emis- 
sion is Doppler-boosted by a relativistic jet pointing towards 
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us (microblazar scenario: e.g.lFabrika fc Meschervakovl200ll : 
iKording. Falcke fc Markofl2002l) . In this case, Mbh need not 
be more than ~ a few Mq , similar to typical stellar-mass 
black holes in the Galaxy. 2. The brightness enhancement 
is due to a combination of various factors: mild beaming, 
Mbh more massive than typical Galactic sources, and super- 
Eddington accretion. A factor of ~ 3 for each of these terms 
is physica lly plausible and would suffice for most ULXs (e.g. 
iKing &: Dehnen 2005il . In particular, mild geometric beam- 
ing could res ult from a sub-relativistic, radiatively-driven 
disk outflow llKing et al.ll200ltlKindl2004l . Alternatively, it 
could be the result of a relativistic jet pointing slightly away 
from us (microquasar scenario). 3. The X-ray emission is 
isotropic and Eddington-limited; the high luminosity arises 
from a more meissive black hole (an i ntermediate-mass black 
hole, IMBH), with Mbh ~ 10 ^~^MrT. JColb ert fc M ushotzkvl 
Ll999; Makishima ct al. 20od lMiller et alJl2 003'l. In this case 
the X-ray source is truly ultra-luminous, and hence it re- 
quires an accretion rate higher than that for a beamed sce- 
nario. If ULXs were proven to be powered by an accreting 
IMBH, the implications would be far-reaching, impacting 
on many other fields, f rom star-formation to cosmology (see 
iMiUer fc Colbertll2004l for a review). 

In principle, phase-resolved optical spectroscopic and 
photometric studies are the most direct way to determine 
the binary system parameters (viewing angle, orbital pe- 
riodj radial velocity curve and hence, mass function - see 
e.g. lCharle&..1998.) and constrain the nature of ULXs. This 
is how Galactic black holes were first identified. However, 
optical counterpart searches and phase-resolved studies have 
proven exceedingly difficult for ULXs because even the near- 
est ones are located at distances of a few Mpc. Moreover, 
the brightest ULXs tend to be preferentially l ocated in 
crowded star forming regions Jlrwin et alJl2004) . making 
unambiguous optical identifications often impossible, even 
within the Chandra error circle. When optical counterparts 
are found, they a re generally consistent with Q or BO stars 
jLiu et alJ l200l 120041: iKaaret et all l2004l: IZampieri et~all 
l20o3) ~llowe ver . this could be a selection effect, since smaller 
donors (perhaps lower-mass stars evolving through their gi- 
ant phase) would be too faint to be detected. Hence, it is 
important to identify the discriminating signatures of ULXs 
in other wavebands. 

Radio observations may provide a more effective 
means of differentiating the isotropic IMBH and beaming 
models. By analogy with AGN, we can expect a ULX 
microblazar to produce strong synchrotron radio emission 
from a compact, unresolved core, while more extended, 
and possibly elongated and resolved radio structure may 
arise from a ULX microquasar, seen at larger inclina- 
tion. To date, radio counterparts have been detected 
for only a few ULXs: two in M82 ( Kronbcrg & Sramek 
I l985l: iKording . Colbert fc Falckc"2005(): one in NGC 5408 

I Kaaret et al.li2003; .S oria et al...2 006a|): one in Holmbergll 
Tongue fc WestpfahJ Il995l: iMiUer. Mushotzkv fc NefJ 
|2005^ : one in NGC 7424 JSoria et al.l l2006b^ : and one in 
NGC 6946 (van Dyk et al. 1994; Blair, Fesen fc Schlegel, 
2001; Swartz et al. 2006, in prep.). It is still unclear whether 
the emission in those radio sources is due to an underlying 
supernova remnant or is directly produced by ULX jet 
activity, either from the core or the lobes. Hence, it is 



important to determine the radio signatures of different 
ULX models. 

In the X-ray band, ULX spectra are generally domi- 
nated by a power-law, particularly above 1 keV. A cool ther- 
mal component is present in so me sources, but contributes at 
most 10 - 20 % of the flux (e.g. IStobbart. Roberts fc Wilmj 
[2006). A power-law component is also dominant in the X-ray 
spectra of Galactic blac k holes in two of the canonical spec- 
tral states iMcClintock fc RemillardI EboQI : the low/hard 
state, when the photon index is F ~ 1.5 — 2 and the X-ray 
luminosity is I/o.5-skeV ;$ 10~^I/Edd; and the very high (or 
steep power-law) state, when F > 2.5 and Lo.s-gkev ~ i/Edd. 
In the low/hard state, the accretion disk is thought to 
be truncated far from the innermost stable circular orbit 
(ISCO), and replace d by a radiativel y inefficient flow with 
a steady jet (see e.g. lEsin et al]|l997^ . The very high state, 
on the other hand, is characterized by a high radiative ef- 
flciency, quasi-periodic X-ray variability, and absence of a 
steady jet, although flares or sporadic radio ejections are 
associated with this state. It is not clear whether ULXs 
can be classified into either one of these power-law dom- 
inated XRB states; their photon ind ex is somewhat in- 
termediate, with F » 1.5 - 2.5 fe.g. [ Swartz et alJ l2004l : 
IStobbart et ai]|2006l: IWinter et alJl2006l) . If thev are in a 
classical low/hard state, their apparent X-ray luminosities 
suggest masses >a few x 10^ M©. What seems clear is that 
ULXs are not in a high/soft state, when the X-ray spec- 
trum is dominated by soft disk blackbody emission and the 
power- law is weaker. 

Regardless of which spectral state ULXs belong to, the 
power-law component could be produced either by thermal 
Comptonization in a hot, diffuse corona, or by nonther- 
mal synchrotron and Compton processes in a relativsitic 
jet, or possibly a combination of both (see iMarkoff et alJ 
|2003, for a discussion). Although it is widely accepted 
that relativistic jets are responsible for extragalactic ra- 
dio sources, analogous jet models for Galactic XRBs 
have only been considered relatively recently (see iFendeJ 
I2OO5I for a review). Existing disk-jet models for bina- 
ries, however, either neglect the radio synchrotron prop- 
erties altogether (e.g. iGeorganopoulos. Aharonian fc KirkI 
|2002|) or are only appropriate for the low/hard state 
fe.g. iMarkoff. Falcke fc Fended lioOlt iMarkoff et all l2003l: 
iFender. Belloni. fc Gallol l2004^ . It is important to explore 
the possibility of a jet coexisting with (and coupled to) a 
bright disk extending all the way down to the ISCO^. 

In this paper, we investigate both the radio and X-ray 
properties of relativistic beaming models for ULXs using 
an accreting black hole framework generalized to include 
coupled disk-jet spectral components. Specifically, the radio 
and hard X-ray emission are produced in a relativistic jet 
that is magnetically coupled to an accretion disk (which can 
contribute to the soft X-ray emission). The jet drains a sub- 
stantial fraction of the total accretion power from the disk 
and thus modifies the multi-colour disk spectrum. In order 
to calculate the spectral energy distribution, we explicitly 



^ R ecent X-ray /radio studies of FRII radio galaxies and quasars 
fe.g. lPunsIv fc Tinga\Jl2005HBaIIantvne fc Fabianll2005l) provide 
examples of powerful nuclear jets co-existing with a high lumi- 
nosity spectral state (Lx ~ -'jEdd)- 
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model the mechanism which magneticaUy couples the disk 
and jet. Thus, our generalized model calculates both the jet 
and disk spectra self- consistently for different values of the 
black hole mass Mbh, mass accretion rate Ma, and coupling 
strength. This leads to two unique features of the model 
that have important implications not just for ULXs, but for 
all accreting systems: 1. The nett accretion power can ex- 
ceed the Eddington limit because the jet efflciently channels 
energy from the disk, which remains sub-Eddington; and 
2. The presence of a jet can be inferred indirectly from its 
effects on the disk, which consequently emits a spectrum 
that can be considerably differe nt from that predicted by 
the standard Shakura-Sunyaev (Sh akura fc Sunvaevlll9731 
disk in the EUV/soft-X-ray bandpass for XRBs. Our cou- 
pled disk-jet theory is outlined in Sec.|21 results for beamed 
ULX models are presented in Sec. |21 and a discussion and 
conclusions are given in Sees. 21 and |K| respectively. 



2 THEORETICAL BASIS 

The model we constr uct here is based on the ge neralized ac- 
cretion disk theory of lKxmcic fc BicknelJ (|2P04') , which gives 
self-consistent solutions for the radiative flux of a turbulent, 
magnetized accretion disk modifled by an outflow that could 
be either mass-flux or Poynting-flux dominated. A mass-flux 
dominated outflow requires Ma to vary with radius r in the 
disk. We restrict ourselves here to modelling a Poynting-flux 
dominated outflow. The solutions also take into account the 
possibility of a non-zero magnetic torque acting on the inner 
boundary, although we do not consider this effect here. We 
calculate an outflow-modified multi-colour-disk (OMMCD) 
spectrum, assuming each annulus is locally emitting a black- 
body. A Newtonian potential is used. 

The fraction of accretion power removed from the disk 
by the magnetic torque acting on the surface is channelled 
into the jet and partitioned into kinetic energy (bulk and 
random), magnetic field, and radiative energy components. 
We calculate the jet spectrum due to synchrotron, syn- 
chrotron self-Comptonization (SSC) and inverse Compton 
(IC) scattering of the disk photons by the energetic elec- 
trons in the jet. We test the micro-blazar/quasar models 
for ULXs by comparing the theoretical spectra for different 
values of Mbh, Ma, jet power Pj and inclination angle 9i 
measured relative to the jet axis. 

2.1 Modified disk emission 

Assuming a zero nett torque at the inner disk boundary ri 
and no radial variations in the mass accretion rate Ma due 
to a mass-loaded wind, the radiative flux of a magnetized 
accretion disk wit h a non-zero magnetic t orque acting on 
the disk surface is jKuncic fc BicknelJl2004L 2006, in prepa- 
ration) 



Mr) = ^^^^[fss{r)-m] 



(1) 



where fss{r) is the small-r correction term in the 
standard Sha kura-Sunyaev (SS) disk theory, given by 
iShakura fc Sunvacv 1973) 
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The term /j (r) is the jet correction factor due to a non-zero 
magnetic torque on the disk surface: 

1 r oBtBt 



47r 



where and Bt are the azimuthal and vertical compo- 
nents of the local magnetic field, evaluated at the disk sur- 
face, and Q, = (GMbh/''^)^''^ is the Keplerian orbital veloc- 
ity. 

We assume a power-law radial profile for the magnetic 
stress, viz. 
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and we require q > 2 so that the total work done against the 
disk surface by the magnetic torque remains fiinte. The nor- 
malization of the magnetic stress is determined from global 
energy conservation, which requires 
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is the disk radiative power, 
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is the total accretion power, and 
3GMbhM 
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-fj{r) dr 



(5) 
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is the total jet power. Thus, the magnitude of the magnetic 
stress at ri can be related to the fraction PJPa, of total 
accretion power channelled into the jet, and substitution 
into Q then yields 



, (3-9)' 



(9) 



For the specific case q = 2.5, this simplifies to /j = 
{Pj/Pa)fss and hence, the disk flux is just -Fd('") = 
(3GA/bhAfa/87rr3)/ss(l - Pi/Pa), which has the same radial 
dependence as the SS disk. 

The total disk spectrum is calculated assuming local 
blackbody emission, B^,, at each r: 



4TT^rB4T{r)]dr 



(10) 



where T(r) — [Fd{r) /a]^^^ is the effective disk tempera- 
ture at each radius and a is the Stefan-Boltzmann con- 
stant. For a disk inclined at an angle 9i with respect to an 
observer's line-of-sight, the apparent luminosity spectrum 
is Lf^;: = IcosftLd,.. The effective temperature may not 
be directly observable; what is typically fitted to the data 
is the colour temperature, which is approximately equal to 
the effective temperature T multiplied by a spectral hard- 
ening factor ^. Values of^ ~ 1.7 — 2.6 h ave been sug- 
gested for Galactic black hole XRBs (e.g. [ M erloni e t alJ 
l2000l:lMakishima et aLlbOOCtlShrader fc Titarchukll2003ri . It 
has been suggested (lRibiamR^s^^MiUein20o3r a spectral 
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correction factor ^ 1.7 may be appropriate for the thermal 
disk fits to ULX spectra. 

Figure Q shows plots of T(r) and Ld.v predicted 
by our OMMCD model for Afbh = 5Mq, q = 2.6, 
Pa./L-Edd = 1 and increasing values of Pj/P^. We have in- 
tegrated to an outer disk radius ro = lO^n. The mass 
accretion rate is A/a = (87rmpCri/crT)(Pa//'Edd) — 8 x 
10-^(ri/6rg)(Mbh/5Mo)(Pa/iEdd) Mq yr-\ The value q = 
2.6 is used to demonstrate how the change in radial flux pro- 
file affects the integrated spectrum. The OMMCD model 
predicts a decrease in the temperature profile at small 
radii, compared with the standard SS disk model (Fig. f, 
top panel). Therefore, the peak in the integrated spectrum 
comes from larger radii and occurs at lower energies, for 
a given Ma., as Pj/Pa. increases. For a given accretion rate 
and black hole mass, the OMMCD spectrum appears softer 
and cooler than a standard disk, and its spectral slope can 
be flatter than the characteristic u^^^ slope of a standard 
disk spectrum (Fig. f, bottom panel). Physically, this oc- 
curs because the magnetic disk-jet coupling mechanism is 
strongest at small r; in the inner disk, more energy is re- 
moved from the disk and used to power a jet. Phenomeno- 
logically, this effect could be modelled in terms of a spectral 
hardening factor ^ < 1. It has the opposite effect as the hard- 
ening factor ^ ~ f .7 — 2.6 sometime s introduced to account 
for Comp tonization of disk emission llMakishima et alj200Cll: 
IShrader fc Titarchuk 2003) . 

Observationally, the OMMCD model predicts an an- 
ticorrelation between the maximum disk temperature. Tin, 
and the contribution of the hard power-law component, for 
a fixed Lx, Mbh and M^. Therefore, it provides an alter- 
native mechanism for producing cooler, fainter disks, hav- 
ing a somewhat similar effect as higher black hole masses 
and lower accretion rates. This may be relevant for the 
spectral fitting of some ULXs where an unusually soft 
X-ray component (Tin < 0.2 keV) has b een interpreted as 
disk emission from an IMBH (see e.g. iMiller et alj 120031: 
[ MiUer Fabian fc Milleil 120041: but see also iKing fc Pound j 
I2OO3I: ICrummv et alJl2005l and IConcalves fc Soriall200el for 
alternative interpretations of this soft component). We de- 
fer a more detailed investigation of the implications of our 
OMMCD model for ULX mass estimates to future work (So- 
ria fc Kuncic 2006, in preparation). 

More generally, taking into account disk cooling in the 
presence of a jet can be important for correct spectral fit- 
ting of ULXs as well as Galactic XRBs. We emphasize that 
in the OMMCD model, the inner disk is not truncated or 
replaced by a radiatively-inefficient fiow; therefore, the grav- 
itational energy of the infiow is not lost via advection but is 
mostly transferred to the jet and then partly radiated with a 
nonthermal spectrum in the Chandra or XMM-Newton en- 
ergy band. Drainage of the disk power may explain why 
most ULXs seem to be dominated by a relatively hard 
power-law component in the X-ray band even at luminosi- 
ties > O.lLsdd; in fact, none of the brightest ULXs have ever 
been observed in a disk-dominated spectral state analagous 
to the high/soft state of Galactic XRBs (see lStobbart etlil] 
[2OO6, for a more detailed discussion of this issue). We note 
that disk irradiation can be no n-negligible when the jet emis- 
sion is only weakly beamed jMarkoff fc Nowaklliooi) and 
this may in part explain the range of Tin fits to observed 
ULX spectra. 



1.0 



> 



0.1 





(a) : 




Pj/P. = (SS disk) _ 




P./P^ - 0.5 




0^ Pj/P, = 0.9 



10 



100 



1000 



r/r. 




Figure 1. (a) Radial profile of the effective disk temperature, 
r(r), for a standard Shakura-Sunyaev (SS) accretion disk (solid 
line), and for an outfiow-modified disk with Pj/P^ values of 
0.5 (dotted) and 0.9 (dashed), (b) Luminosity spectra, Ld.i^i for 
the standard SS multi-colour disk (MCD) and for the outflow- 
modified multi-colour disk (OMMCD). Linestyles are the same 
as in (a). The black hole mass is A/bh = SAf©, the mass accretion 
rate is Afa ~ 8 X 10^^ A/q yr^-"^ and the ratio of outer-to-inner 
disk radii is ro/n = 10"^. 



2.2 Jet emission 

A fraction of the total power Pj channelled from the accre- 
tion fiow in the form of Poynting energy is converted into 
kinetic energy. This is the basis for all disk-driven jet models 
(e.g. Blandford fc Pavnc f982). Thus, Pj can be partitioned 
into bulk a nd random particle energies, as well as magnet ic 
energy (e.g. ICelotti et al1ll998l: IChisellini fc CelottillioOll) : 



+ Pe + Pb 



(11) 



Some of the kinetic energy can also be subsequently dissi- 
pated in the form of radiation. However, for ultra-relativistic 
jets (in blazars, for instance) the total radiative output is 
usually negligible (see e.g. ICelotti fc Fabian 1993). The ki- 
netic and magnetic energy components are then comoving 
with approximately constant speed /3j and bulk Lorentz fac- 
tor Fj = {1 — /3f)~^ . We consider a conical, quasi-static 
jet with opening semi-angle (jij and cross-sectional area vrr?, 
where rj = zfjjj is the radius at a distance z along the jet 
axis. 

The jet plasma is quasi-neutral, with one (cold) pro- 
ton for each (relativistic) electron. The electrons are as- 
sumed to be continuously reaccelerated, maintaining a non- 
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thermal power-law distribution Nciy) = Kc'y~^ extending 
over energies 7min ^ 7 ^ 7max with an average value (7) = 
J Nc{'y)'y dj/Nc, where A^c is the total electron number den- 
sity. A quasi-steady jet requires a stochastic acceleration 
mechanism, such as second-order Fermi, in which the ac- 
celerating electrons continually scatter off small-scale inho- 
mogeneities or MHD waves in the jet plasma; in contrast, 
non-steady jet behaviour can arise from localized accelera- 
tion sites at internal shocks (i.e. via first-orde r Fermi - see 
Sec. C7 in iBeeelman. Blandford fc Reejll984l for a detailed 
discussion on acceleration in jets). We use an equipartition 
relation Ub = feqUa between the magnetic energy density 
Ub = -B^/Stt and electron energy density Uc ~ Nc{'y)mcc'^ , 
where the equipartition factor /cq remains constant along 
the jet. 

The total jet power is approximately equal to the 
comoving kinetic a nd P oynting energy f luxes at the jet 
base ZQ (e.g. ICelotti fc FabianI Il99i iCelotti et alJ Il998l: 
ISchwartz et al.ll200d) : 



Pi 



2nrilmc [(Fj 
4. 



-FjiVc,o(7>"icC^-l-r. 



l)iVc,on^pC 



(12) 



where the subscript '0' refers to quantities evaluated at zq. 
This relation is used to determine the electron number den- 
sity at the jet base, A^'c^o- The factor of 2 takes into ac- 
count that Pj powers two oppositely directed jets. We use 
~ 1/Fj for Fj > 1, consistent with a freely expanding 
relativistic flow jBlandford fc Ko nigl 1979). 

The emission spectrum is calculated by subdividing 
the conical jet into multiple segments of thickness Az <^ 
z. There are contributions to the spectrum emitted by 
each segment from synchrotron radiation, synchrotron self- 
Comptonization (SSC) and inverse-Compton (IC) scattering 
of the disk photons. We assume the emission to be isotropic 
in the jet rest-frame. We utilise a simple radiative trans- 
fer prescription to account for synchrotron self-absorption. 
The self-Compton and inverse-Compton processes are as- 
sumed to be optically thin. We calculate the (single scat- 
tering) IC and SSC cmissivitics using the full Klcin-Nishina 
cross-section (see [B lumcntlial & Gould 1970; Konial 198l| 
iGhisellini et al.lll985l) . although the decline is negligible in 
the 0.5 — 8 keV bandpass of interest here. The optically-thin 
spectral index is a = d log L^/d log = — i(p— 1). 

We use two different spectral models, depending on 
whether the jet is viewed at small or large inclination angles. 
For the microblazar model, the inclination of the line of sight 
to the jet axis is less than the jet cone-angle (i.e. Oi < (j}j).ln 
this case, the specific luminosity seen by an observer at rest 
is calculated by integrating the emissivities over the whole 
jet length Zma.^: 



+ 



, c2 I IC I SSC 
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(13) 



exp 



nrf dz 



z) is the optical depth 
1 



where r°°f (z) = ,Jz„, 
to synchrotron self-absorption and S — [Fj(l — 0i cos 

is the re lativisitc Dop pler factor (see e.g. iKonigJ ^ 

iLind fc B landford 1983: IGhisellini et aljlT993) . For the mi- 
croquasar model, we have 6i > ^j. In this case, the path 



length through a jet segment as seen by a comoving ob- 
server is Aa/cosSi ~ rj (2)/ sin Si. Assuming Az is suffi- 
ciently small that the emissivities and synchrotron source 
function SJ^" = ep'"/Kp'" remain approximately constant 
along each path length, the observed specific luminosity is 
then 



(14) 
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exp I 



obs M 1 2 



where the synchrotron self-absorption optical depth is now 

We consider a nonuniform jet in which A'^e decreases 
with height as Ne{z) oc z~^ and hence, B{z) oc z"^ (since feq 
is constant), consistent with flux conservation. The nonuni- 
formity in A'e and B means that different jet regions con- 
tribute to different parts of the broadband spectrum, with 
X-rays produced near the base and radio emission produced 
near the opposite end of the jet. Theoretical spectra pre- 
dicted by this jet model are presented in the following sec- 
tion. 



3 RESULTS 

The input parameters in our model are: Mbh, Ma 
(parametrised by Pa/^Edd), Pj/Pa. (which normalizes the 
magnetic coupling strength, c.f. eqns. |31and|5J, Fj, p, 7min, 
7max, feq, Zq , Zmax aud Oi. Somc of these free parameters 
can be constrained by the observed X-ray and radio prop- 
erties of ULXs. Firstly, we note that soft thermal compo- 
nents, when present in ULX spectr a, contribute no mor e 
than 10 - 20% to the total flux (e.g. IStobbart et alJlioO^ . 
so we set Pj/ Pa. = 0.9. Secondly, in the Chandra sample 
JSwartz et alj l2004l , the average 0.5 — 8keV spectral index 
is Q ~ —0.7 , implying p ~ 2.4. Note, however, that the dis- 
tribution of a in this sample appears to be approximately 
Gaussian and extends down to values of a ~ 0.0. 

To investigate the radio properties of ULXs, we 
note that the specific luminosity of a radio source with 
flux density 5^ at a distance D is Lv — 1.2x 
lO^"* (5'^/mJy) {D/Mpcf ergs"^ Hz"^ Radio sources found 
to be spatially associated with ULXs all have radio spec- 
tral powers well above lO' ^^ergs"^ Hz~^, while for other 
nearby ULXs studied by iKording et alJ ll2005ll . no ra- 
dio counterparts have been found down to a detection 
limit of 10^'*ergs~^ Hz~^. We shall therefore take = 
lO^^ergs-^Hz-i as an empirical threshold and determine 
whether either of the micro-blazar/quasar models can pro- 
duce radio emission above this level. If the radio jet emission 
predicted by these models does not exceed the threshold for 
plausible parameters, then the observed radio sources must 
have other interpretations (e.g. radio lobes, SNR). 

We consider cases with an equipartition factor /cq ~ 
1 and a minimum electron Lorentz factor 7min = 1. The 
total synchrotron luminosity is most sensitive to these two 
parameters and our conservative values are chosen so as to 
ensure that L^^'^ <^ Pjct- The parameter 7max determines 
the high-energy spectral cutoff. There are no observational 
constraints on this parameter so we simply set 7max = 10* in 
all cases. The jet length, Zmax, determines the synchrotron 
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Model 


Mbh/M0 


^Edd 


fa/^Edd 


Ma 






<5 


Lq.5 


-8kcV 


vL^(5GHz) 






(crgs-1) 








(deg) 




(erg 


s-1) 


(ergs-i) 


microblazar 


5 


6 X lO^** 


1.0 


1 X 10-'^ 


5 


5 


8.4 


3 X 


1039 


5 X 10^1 


microquasar 


20 


3 X 10^^ 


1.0 


5 X lO"'^ 


4 


30 


1.6 


5 X 


1039 


8 X 10'" 



Table 1. Nominal model parameters resulting in apparent X-ray luminosities consistent with a ULX (see text for parameter definitions). 
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self-absorption turnover in the radio and X-ray bands. We 
keep this parameter at a fixed value of lO^rg so that it scales 10 
with Mbh and gives a radio self-absorption turnover at ~ 
5 GHz. 

We differentiate between the microblazar and micro- 
quasar scenarios by using the spectral models defined in 
Sec. 2 with different values of the remaining free parame- ^ jq 

ters: Mbh, (parametrized by Pa/^Edd), Tj, and 6i. Since 
a fraction P^jP^ of the total accretion power is channelled 
into a jet, values of Pi^/L-Edd > 1 are allowed in the beam- ft> 10 

ing models we consider. The value of Fj is somewhat con- ^ 
strained by the observation that persistent jets in Galactic | 
XRBs appear to have rj<2 jPendcr 200j). On the other 
hand, if ULXs are at the extreme end of the XRB popula- 
tion, and if they are indeed small-scale versions of blazars 
and quasars, then we should not rule out the possibility that 
Fj could be higher. The most conservative parameter values 
that we find can give ULX luminosities are listed in Tabled 
The corresponding predicted broadband spectra for the two 10 10 10 10 

models are shown in Figs. |5| and |3| ^obs (H^) 
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3.1 The microblazar model 

For this model, we use Mbh ~ 5Mq , Fj = 5 and 9i — 5° , with 
the spectral model given by This spectral model takes 
into account self- absorption of synchrotron radiation along 
the entire length of the jet. The resulting X-ray spectrum, 
Fig. 121 deviates significantly from a power-law as a result 
of relativistically beamed inverse Compton and (optically- 
thick) synchrotron emission. While this is somewhat difficult 
to reconcile with the generic featureless power-law fits to 
most ULX spectra, it is not at all clear whethe r spectra with 
< 10 00 counts (e.g. in the Chandra sample, Swa rtz et alJ 
l2004lfl have sufficient signal- to-noise to rule out Comptoniza - 
tion effects altogether (see iMiller. Fabian fc Milleil 1200611) . 
Indeed, new evidence has emerged from higher signal-to- 
noise XMM-Newton data for cu rvature in some ULX spec- 
tra above 2 keV (~ 5 x lO^'^ )Hz dStobbart et alj|200d) . The 
spectral curvature has been interpreted in terms of thermal 
Co mptonization from a warm, optically-th ick corona (see 
e.g. lDone fc Kubotalliool iGoad et al.ll200 6h. although this 
is difficult to reconcile with the lack of absorption features 
in the observed spectra to date. 

The synchrotron optical depth is determined by the 
total jet length, Zmax. Here, Zmax = lO^rg corresponds 
to ~ 2 X 10"* pc. Increasing Zmax shifts the X-ray self- 
absorption turnover in Fig.|2|from ~ 10^" Hz to even higher 
frequencies; the highest energy synchrotron photons, pro- 
duced near the jet base, have furthest to propagate to reach 
Zmax and thus suffer the most self-absorption. At the same 
time, increasing Zmax shifts the radio turnover to lower fre- 



Figure 2. Apparent luminosity spectra predicted for the microb- 
lazar model (Afbh = 5Mq, 6; < Linestyles are as follows: 
OMMCD spectrum (dotted), synchrotron (dashed), SSC (dot- 
dash), disk IC (dot-dot-dot-dash), and total disk plus jet spec- 
trum (solid). The shaded region indicates the 0.5 — 8kcV X-ray 
band. 

quencies as more (optically-thin) radio-emitting jet plasma 
becomes available. The resulting radio spectrum is approx- 
imately flat near 10 GHz and steepens slightly towards the 
mm band. The opening diameter of the radio-emitting jet 
is ~ Sjj. arcsec at D ~ 1 Mpc, consistent with the appear- 
ance of a compact core. Despite the relativistic beaming ef- 
fects, however. Fig. |5| shows that the radio spectral power 
falls short of the estimated ~ lO^^erg s^^ Hz~^ detectabil- 
ity threshold by two orders of magnitude. Whilst the radio 
emission can be increased by considering more extreme pa- 
rameters (e.g. higher values of 5, Pa,/L-Edd, or /eq), the re- 
sulting X-ray luminosities become implausibly high and the 
spectra become too hard. 

3.2 The microquasar model 

One of the difficulties of the microblazar scenario is that 
it requires an implausibly large number of sources strongly 
beamed along different lines of sight for each source de- 
tected as a ULX (see e .g. the discussion in Sec. 6.2 of 
iDavis fc Mushotzkvlliooi) . The microquasar scenario offers 
a more realistic prospect of addressing the observations and 
thus, it is of interest to determine how the emission prop- 



erties of a jet change as the inclination angle increases. In 
particular, it is not immediately obvious whether a higher 
Mhh and Afa can completely compensate for the decrease in 
Doppler boosting to give ULX X-ray luminosities. 

We consider Tj — 4 with 6i — 30°, giving a jet 
Doppler factor 5 — 1.6. We also consider a higher mass, 
Mbh — 2OM0, which is a plausible upper limit for stellar- 
mass black holes fo rmed from individual stars at solar metal- 
licity jFrver fc Kalog cra 2 001i) . The spectral model we use 
for the microquasar case is given by 11411 and the result- 
ing spectrum is shown in Fig. |21 The most distinct differ- 
ence between the microquasar and microblazar models is 
that the microquasar model predicts an optically-thin X-ray 
spectrum. Additionally, the X-ray spectrum is dominated by 
SSC emission, rather than IC emission and the spectrum is 
slightly flatter than the optically-thin synchrotron injection 
spectrum because the SSC photons in the 0.5 — 8keV band 
result from seed photons in the optically-thin/thick turnover 
part of the synchrotron spectrum (~ 10^^ Hz in Fig. |3J. As 
indicated in Tabled the predicted X-ray luminosity for the 
microquasar model is comparable to that for the microblazar 
model for the parameters considered here. 

The predicted radio spectral power is also approxi- 
mately the same. The jet length, ^max = 10^ rg, corresponds 
to a physical size ~ 10~^ pc. For a source at D > 1 Mpc, the 
projected size of the radio-emitting jet is thus < 0.2 mas. 
While this falls within reach of VLBI, the predicted ra- 
dio emission of a microquasar ULX is simply too faint 
to expect a radio detection, let alone resolvable radio jet 
structure. The predicted specific luminosity at 1 GHz is 
~ lO^^ergs"^ Hz~^ (comparable to that for the microblazar 
model), which corresponds to a flux density ~ lO/^Jy at 
1 Mpc. This is well below the detectability threshold and 
thus, the microquasar model is consistent with the majority 
of ULXs not being detected as radio sources. It also implies 
that the radio emission found associated with a few ULXs 
to date cannot be due to beamed synchrotron emission from 
a relativistic jet. 



4 DISCUSSION 
4.1 Disk properties 

Our modified disk-fjet model predicts a priori an anti- 
correlation between hard X-ray and soft X-ray spectral 
components. In our model, the hard (jet) component is 
beamed while the soft (disk) component is isotropic. Most 
ULXs appear to be dominat ed by a single powe r-law com- 
ponent in the X-ray band iSwartz et al.ll2004^ . In many 
cases, the signal-to-noise ratio is not high enough for multi- 
component fitting, but even in sources with a high count 
rate, additional components (often attributed to thermal 
disk emission) contribute typically less than 10 — 20 % to the 
observed flux llRoberts fc Colberd 120031: iMiller et al.ll2003L 
l2004l:lKrauss et alJl2005HStobbart et^l200d) . 

According to the currently prevailing inter- 
pretation of spectral states in Galactic XRBs (see 
iMcClintock fc Remillardll2006l . for a review), the low/hard 
state is accompanied by a steady jet and disk trun- 
cation at radii much larger than the innermost stable 
circular orbit (ISCO); this state occurs at low accretion 
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Figure 3. Apparent luminosity spectra predicted for the micro- 
quasar model (Mbh = 2OM0, > cAj). Linestyles are the same 
as in Fig.l2land the shaded region indicates the 0.5 — 8 keV X-ray 
band. 

rates (A/a < O.OlAfEdd) and corresponding luminosities 
<0.01LEdd. It also implies a lower radiative efficiency in 
the inner region, often modelled as an advection-dominated 
fiow. If ULXs are analogous to Gala ctic XRBs in their 
low/hard state fe.g. lWinter et ani200(t) . then extrapolation 
of their X-ray luminosities implies black hole masses 
> a few X 10^ Mq; it is still not known how such IMBHs can 
form and whether they are consistent with the observed 
ULX population. 

We have instead suggested that ULXs behave more as 
if they are in a "high/hard" state, with Pa ~ ifidd, even 
though Ld <^ -Pa. In other words, with a high accretion 
rate and gravitational energy released all the way down to 
the ISCO, where it is mostly transferred to a steady jet 
or corona rather than being locally dissipated and radiated 
by the disk. This is different from the high/soft state, in 
which the jet appears to be suppressed. It also differs from 
the very high (or steep power-law) state that sometimes 
accompanies t he transition in XRBs from the low/hard to 
high/ soft state ijFender et all2004l : lM'cClintock fc RemillardI 
I2OO3); the very high state is characterized by sporadic ra- 
dio ejections and an X-ray power-law spectrum steeper than 
those generally measured in bright ULXs. More generally, 
our OMMCD model offers a much needed alternative to the 
truncated disk model for an increasing number of sources 
characterized by a distinctive hard power-law component, 
together with evidence that th e ac cretion fiow extends all 
the way do wn to the ISCO jBallantvne fc FabianI I2OO5I : 
iMiUer et al^l2006b^ . 

We predict that, at the typical signal-to- noise level 
available for most X-ray spectra of ULXs (generally < 1000 
counts even for the brightest sources), the modified disk 
spectral component may or may not be detectable depend- 
ing on the relative importance of the jet (the parameter 
Pj/Pa in our model) and that a low disk temperature may 
be the result of "jet cooling" rather than an implausibly high 
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black hole mass. In the calculations presented here, we set 
Pj/Pa = 0.9 to produce a dominant nonthermal hard X-ray 
spectral component. To increase the relative contribution of 
the disk e mission to Lx, as appears to be required f or some 
ULXs fe.g. lMiller et all2003l : lMiller fc Colbertl2004 we can 
decrease the ratio Pj/Ps, of accretion power being diverted 
into the jet. The observable disk quantity Tin (approximately 
corresponding to the annulus with the maximum flux contri- 
bution) also depends on the parameter q, which determines 
the radial profile of the magnetic torque responsible for jet 
formation, as defined in (|1J. We have set q = 2.6 in the cal- 
culations here. A steeper profile (e.g. g > 3) removes more 
energy from small r and less energy from large r, thereby 
decreasing the X-ray brightness of the disk for a fixed Ma. 
Thus, to produce ULX spectra with a soft, thermal com- 
ponent in addition to the hard nonthermal component, as 
is sometimes observed, we can decrease Pj/Pa. in a suitable 
way to reproduce the observed fraction of radiative power 
emitted by the disk, and then vary q to increase or decrease 
Tin. In general, the radial profile of the magnetic torque does 
not have to be a scale-free power-law; we intend to explore 
different profiles in future work. For practical purposes, the 
OMMCD spectrum can also be approximated by a standard 
disk with an empirical hardening factor ^ < 1 applied to the 
fitted colour temperature. 

It is interesting to consider the implications of our 
model for the interpretation of spectral states in Galactic 
black hole XRBs. There is increasing evidence from detailed 
monitoring o f indiv idual source s (e.g. XTE J155 — 564, 
iHoman et aO 1200 it Cyg X- 1 , ICadolle Bel et al.l l2006t 
GX 339-4 iMiller et all l2006d) that changes in Ma can- 
not solely be responsible for spectral state transitions 
and that an additional parameter is required to explain 
the full scope of observed spectral behaviour in XRBs. 
The additional parameter in our model is Pj/P^, which 
measures the degree of magnetic coupling between disk 
and jet/corona. We expect that Pj/Pa is approximately 
independent of Ma for the following reason. From eqns. @, 
and we have Pj/Pa cx nB^ (ri)Bt (n) /{Maiiin)) cx 
M^Ma7^B+(ri)B+(ri), since n oc rg. The magnetic field 
in the disk is amplified by the fluid s hear and becomes 
dyna mically important when ~ pv^ iKuncic fc Bicknelil 
|2003). Since p oc Ma, we expect Pj/Pa oc M^, where 
p = 2 — 3, depending on the details of the accretion flow 
velocity and field amplification. Thus, to first-order, Pj/Pa 
is independent of Ma and is an increasing function of Afbii. 
This implies that for a given Ma, more massive accretors 
can extract a larger fraction of total accretion power from 
the bulk fluid flow to produce more powerful jets. 

Our model thus predicts that, contrary to the stan- 
dard model for XRBs, steady jets need not necessarily be 
quenched in a high state and that sources such as ULXs 
which appear to be in a high and hard state are likely to have 
masses at the high-end of the XRB mass scale. This predic- 
tion is also supported by observations of AGN with Ma ~ 
Msdd: radio-loud quasars tend to have black hole masses at 
the high end of the sup ermassive black hole mass scale (i.e . 
Mbh lO^-^Mo) (e.g. iLaoJlioOol: iMcLure fc Jarvij|2004l) . 
while narrow-line Seyfert Is (with Mbh ^ IO^'^Mq) are 
preferentially radio-q uiet fsee lGreene. Ho fc Ulvestadll2006l : 
iKomossa et aljf2006l . and references therein). 



Finally, it is worth reminding the reader here that we 
have worked in a Newtonian potential. Relativistic effects 
will change the radial disk flux profile at small r and may 
restrict the choice of q and Pj/Pa- This may provide further 
theoretical constraints on the ULX models considered here. 
A full relativistic derivation of the OMMCD model is beyond 
the scope of this paper, but will be presented elsewhere. 

4.2 Jet properties 

Our results show that beamed emission from a relativistic 
jet in a stellar-mass black hole binary system can produce 
an exceptionally bright X-ray source with a 0.5 — 8keV lu- 
minosity that is consistent with ULXs. The predicted X-ray 
spectra for the microblazar and microquasar scenarios have 
different distinguishing properties. In particular, the microb- 
lazar model (where the jet is viewed close to our line of 
sight) predicts a spectrum that becomes increasingly flatter 
towards hard X-ray energies in the 0.5 — 8keV bandpass, due 
to Comptonization effects (see Fig. |5J . The observed spec- 
trum of once-scattered disk photons rises to a peak just be- 
yond the Chandra/ XMM-Newton bandpass. The power- law 
component of this beamed inverse Compton emission falls 
in the gamma-ray band. It is difficult to rule out or con- 
firm possible Co mptonization effects from currently avail- 
a ble ULX spectra jMille r et all2006al : see also the discussion 
in lGoncalves fc Sorial2006l) . We do note, however, that some 
evidence for spectral curvature towards hard X-ray energies 
has recently emerged in XMM-Newton ULX spectra with 
high photon counts (Stobbart ct al. 200tj). The microquasar 
model, on the other hand, predicts a power-law X-ray spec- 
trum due to beamed synchrotron self-Comptonization and 
thus offers a viable alternative to thermal Comptonization 
in a corona. 

The predicted radio properties of the micro- 
blazar/quasar models are similar: the spectra are ap- 
proximately flat near 5 — 10 GHz and the specific radio 
luminosities are ~ 10^^ ergs~^ Hz~^, corresponding to 
~ lOp Jy at D ~ 1 Mpc. How do these predicted radio 
properties compare to those observed? Very few radio 
counterparts of ULXs have been found so far, down to 
detection limits ~ 10^* erg s~^ Hz~^. The very low de- 
tectio n rates resu l ting f r om radio counterpar t searches 
(e.g. iGhosh et aP 120051: iKording etlo] 12005) strongly 
suggest that the vast majority of ULXs are intrinsically 
weak radio sources. Indeed, the ratio of radio-to- X-ra y 
powers, i?x = :/T^(5GHz)/Lx JTerashima fc WilsonlEooSl . 
predicted by our spectral modelling is -Rx — 10~* for both 
the microblazar and microquasar cases (see Table This 
is three orders of magnitude below the peak radio-to-X-ray 
powe r ratio observed in Galactic XRBs jFender fc Kuulker j 
120011) . Note, however, this also implies that a low measured 
value of Rx for ULXs with a radio counterpa rt cannot be 
used to rule out relativistic beaming (see e.g. iMiller et alJ 
l2004h . 

Our results imply that if the radio emission arises from 
synchrotron radiation in a relativistic jet, then ULXs should 
be too faint to be detected by current radio surveys. The 
few radio sources found associated with ULXs to date have 
specific radio powers ~ 10^^ ergs~^ Hz~^ an d steep radio 
spectra: a ~ -1 for the ULX in NGC 5408 jKaaret et alJ 
I2OO3I: ISoria et alJl2006ah . a ~ -(0.4 - 0.5) for the ULX 
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in Ho II iToneue fc WestpfahllHooi iMiller et al and 
a ~ -0.65 for ULX 2 in NGC 7424 JSoria et al.l l2006bl) . 

There is also evidence that the observed radio emission is 
marginally resolved (extended over ~ 30 — 50 pc) in two of 
those sources (NGC 5408 and Ho II) and for all the ra- 
dio counterparts found so far, the ULX lies in an active 
star-forming region. The high flux, steep spectral index and 
possible spatial resolution suggest that those detected ra- 
dio sources are not directly associated with a relativistic 
jet, but instead probably result from optically-thin emis- 
sion from rad io lobes o r a radio SNR located near the ULX 
l|Miller et al.l t2005: Sor ia et alj|2006allbl) or even a combina- 



tion ot both (e.g. a s c; 
SS433: lFabr'ikall2004l) . 



In the case of the radio lobe interpretation, the low de- 
tection rate can be attributed to the local ISM environment, 
which may be sufficiently less dense than the IGM that adi- 
abatic losses are favoured over synchrotron losses in the jet 
lobes. This may explain the paucity of radio lobes in Galac- 
tic XRBs rel ative to those commonly seen in radio galaxies 
and quasars (lHeinzll2002l: iHardcastl j|2005^ . 

Finally, it is interesting to note that the theoreti- 
cal radio and X-ray luminosities predicted by our rel- 
ativistic beaming model for ULXs are remarkably con- 
sistent with the "fundamental plane" correlation be- 



tween radio and X-ra> 


' emission and black hole mass 


jGallo. Fender & Poolev 


2003,; 


Merloni. Heinz & di Matted 



for two reasons . Firs tly, the theoretical relation derived 
bv iFalcke et"all (|2004) assumes optically-thin X-ray emis- 
sion and neglects differences in radio and X-ray beaming 
(i.e. equivalent to our microquasar spectral model). It is 
not immediately obvious why the relation should hold if 
part of the X-ray emission is optically-thick, as is the case 
for our microblazar model. Se condly, the empirical relation 
found bv lMerloni et alJ ll2003h . viz. login ^ 0.60 log Lx + 
0.78 log Mbh -I- 7.33 (where Lr denotes radio power at the 
observing frequency, vLi,), strictly only holds for sources 
in a low state; it is still unclear to what extent it holds 
or breaks down for sources wh ich are in a high state (see 
iKording" Falcke fc Cor bdl l2006^ . 



5 CONCLUSIONS 

Current observational evidence suggests that most of the X- 
ray emission from ULXs does not come directly from the 
accretion disk, which is either not directly visible, or colder 
than in bright stellar-mass XRBs. We have used a coupled 
disk-|-jet theoretical framework to explain why most of the 
energy is not directly radiated from the disk, and to test 
whether a relativistic beaming scenario (microblazar or mi- 
croquasar) is consistent with the observed X-ray and radio 
spectra. Our main conclusions can be summarized as follows: 

1. The accretion disk can be substantially modified by the 
presence of a magnetized jet; this gives rise not only to a 
modified disk spectrum, but also to a decrease in the peak 
colour temperature (Tin) of the inner disk for a fixed mass 
accretion rate. The modified disk-|-jet model thus predicts 
an anticorrelation between the relative importance of hard 
(jet) and soft (disk) X-ray spectral components. 



2. We confirm that both the stellar-mass microblazar and 
microquasar scenarios can produce apparent X-ray lumi- 
nosities in the ULX regime (I/o.5-8koV ^ 2 x lO^^ergs"^). 
A general feature of our disk-|-jet model is that it can pro- 
duce hard, nonthermal X-ray spectra that are analogous to 
the classic low/hard spectral state in XRBs, but applicable 
to high mass accretion rates (Ma ~ M^m) and, therefore, 
high luminosity sources. In our model, a magnetic torque 
provides the mechanism for transferring a substantial frac- 
tion of the total accretion power Pa ~ L^dd from the disk 
to the jet (i.e. Pj ~ LEdd). Our spectral model for the mi- 
croblazar predicts a substantially hardened X-ray spectrum 
due to strong beaming and Comptonization effects. The mi- 
croquasar model, on the other hand, produces a featureless 
power-law spectrum. 

3. Both the microblazar and microquasar models predict 
that, despite the beaming effects, ULXs are intrinsically 
weak radio emitters. This result is compatible with the over- 
whelming excess of non-detections over detections in ULX 
radio observations to date. Neither of the beaming mod- 
els are consistent with the few ULX radio counterpart de- 
tections reported to date. We therefore conclude that the 
observed radio emission cannot be attributed to beamed 
synchrotron emission in a relativistic jet. We suggest it is 
likely due to radio lobes or a radio SNR. We predict that 
deeper observations around 20 GHz should in principle de- 
tect a change in radio spectral index, thus resolving the di- 
rect jet contribution from the lobe emission. 



In this paper, we have restricted ourselves to modelling 
beamed emission from accreting black holes with masses in 
the known stellar-mass range (5 — 20 Mq). If IMBHs exist, 
it is legitimate to assume (based on the stellar-mass and su- 
permassive black hole analogies) that some IMBHs can also 
possess relativistic jets. If some IMBHs have beamed emis- 
sion, then we would expect to find at least a few milliblazars 
and milliquasars with apparent X-ray luminosities in excess 
of lO**^ ergs~^. Such sources have not yet been seen. 

The disk-|-jet model we have proposed here requires that 
more gravitational energy is channelled into a jet than is ra- 
diated by a disk, at least during some phases of accretion. 
At low or moderate accretion rates, new evidence of sig- 
nificant feedback onto the ISM surrounding accreting black 
holes indicates that jets can indeed carry away much more 
energy than is radiated by the disk (e.g. lOwen et alJl200ol : 
^hurazov ct al. 200:|). At accretion rates approaching the 
Eddington rate, however, observati ons suggest that jet s are 
quenched in Galactic X RBs (e.g. iFend er et a l.ll2004f) and 
in low-mass AGN (e.g. iGreene et al.1 120061) . b ut can per- 
sist in AGN with high black hole masses (e.g. lLaoill200d : 
McLurc & Jarvis 2004). Our model predicts that the frac- 
tional accretion power chanelled into jets scales with black 
hole mass and is independent of the mass accretion rate. It 
therefore predicts that jets can be the dominant energy car- 
rier, even at high (~ Eddington) accretion rates. If this is 
correct, it should be possible to find evidence of relativistic 
jet emission also in some other accreting black hole sources 
in which the hard X-ray component has perhaps been mis- 
interpreted as, for example, thermal Comptonization in a 
corona. 
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